Abstract-This paper presents the design and compares the performance of linear, decoupled and direct power controllers (DPC) for three-phase matrix converters operating as unified power flow controllers (UPFC). A simplified steady-state model of the matrix converter-based UPFC fitted with a modified Venturini highfrequency pulse width modulator is first used to design the linear controllers for the transmission line active (P ) and reactive (Q) powers. In order to minimize the resulting cross coupling between P and Q power controllers, decoupled linear controllers (DLC) are synthesized using inverse dynamics linearization. DPC are then developed using sliding-mode control techniques, in order to guarantee both robustness and decoupled control. The designed P and Q power controllers are compared using simulations and experimental results. Linear controllers show acceptable steadystate behavior but still exhibit coupling between P and Q powers in transient operation. DLC are free from cross coupling but are parameter sensitive. Results obtained by DPC show decoupled power control with zero error tracking and faster responses with no overshoot and no steady-state error. All the designed controllers were implemented using the same digital signal processing hardware.
link using large high-voltage dc storage capacitors. The ac side of each converter is connected to the transmission line through a coupling transformer, with a shunt connection in one side and a series connection in the other, allowing bidirectional power flow control.
The dc capacitor bank used in the UPFC topology to link the two back-to-back converters increases the UPFC weight, cost, volume and introduces additional losses [9] . Replacing these two converters by a direct three-phase ac-ac matrix converter (MC) eliminates the dc-link capacitors, thus reducing costs, size, maintenance, while increasing reliability and lifetime [13] [14] [15] [16] . The ac-ac MC processes electrical energy directly without large storage needs, allows bidirectional power flow, guarantees near sinusoidal input and output currents, and controls the voltages amplitude and frequency at adjustable power factor [17] , [18] . In [14] , the dependence of the MC output voltage with the modulation coefficient was investigated, being the UPFC able to control an extended range of power flow with lower power converters, usually sized for 10% of the line power [1] .
Usually, UPFC use conventional control methods based on power systems linearized models, valid around an operating point. These approaches do not guarantee robustness and may give origin to poor dynamic responses and/or undesired instability [12] [13] [14] [15] , [16] , while nonlinear approaches [11] allow a better tuning of linear controller parameters.
Nonlinear robust direct power controllers (DPC) allow the dynamic response improvement based on sliding-mode control techniques to select adequate state-space vectors to control active and reactive powers in real time [13] .
In this paper, a matrix converter-based UPFC (MC-UPFC) for power transmission networks is used to control the P and Q power flow in a transmission line. This paper presents the design and comparison of linear and nonlinear (sliding mode) controllers based on suitable power system models (Section II). Three different types of controllers are designed and tested: 1) proportional integral (PI) linear controllers obtained from a linear P and Q steady-state power UPFC linearized model, around an operating point, using a modified Venturini [18] highfrequency MC pulse width modulator (PWM) [17] (Section III); 2) decoupled linear controllers (DLC) designed by inverse dynamics linearization, allowing the elimination of the cross coupling effect between P and Q power controllers (Section IV); 3) DPC, which have been successfully used in power applications, owing to its simplicity and good performance [23] [24] [25] (Section V). This control method, based on sliding-mode control techniques [26] [27] [28] [29] , allows real-time selection of adequate state-space vectors to control input and output variables. These controllers are insensitive to power system nonlinearity, presenting robust behavior to parameter variations and disturbances. Dynamic and steady-state performance of P and Q power control methods are evaluated and discussed using detailed simulations and experimental implementation (Section VI).
II. MODELING OF A UPFC POWER SYSTEM
A simplified model of the power transmission network using the proposed MC-UPFC is presented in Fig. 1 , where V S and V R are the sending-end and receiving-end voltages, respectively, of G S and G R generators feeding load Z L . The MC is connected to transmission line 2, represented as a series inductance and resistance (L L 2 and R L 2 ), through coupling transformers T 1 and T 2 .
A UPFC system detailed diagram showing the connection of the MC to the transmission line is presented in Fig. 2 . This diagram includes three-phase shunt input transformer (T a , T b , and T c ), three-phase series output transformer (T A , T B , and T C ), and a three-phase MC. The three-phase LCR input lowpass filter is required to reestablish a voltage-source boundary to the MC input, enabling also smoother input currents.
A. MC Model
For MC-UPFC system modeling, the voltage source, the transformers, and the MC are all considered ideal. Supposing also ideal power semiconductors, each MC bidirectional switch S kj (k, j ∈ {1, 2, 3}) can assume two possible states: "S kj = 1" or "S kj = 0," if the switch is closed or open, respectively.
The nine MC switches can be represented as a 3 × 3 matrix
Circuit topology restriction for k ∈ {1, 2, 3} implies that
Based on (1), the relationship between load and input voltages can be expressed as follows:
The input phase currents can be related to the output phase currents (3), using the transpose of matrix S
From the 27 possible switch patterns of three phase MCs, time-variant vectors can be obtained in αβ coordinates, which are dependent on the input voltage sectors [see Fig. 3(a) ]. The 18 nonrotating voltage vectors for sector V i1 can be seen in Fig. 3(b) , while vectors for the remaining sectors can be obtained by applying (2) and αβ transformation to the relevant sector. Applying dq coordinates to the input filter state variables presented in Fig. 2 and neglecting 
B. UPFC Power System Steady-State Model
To design slow feedback controllers, a UPFC steady-state model can be used. A single-phase MC equivalent circuit represented as a controllable voltage source (see Fig. 5 ) is considered, with amplitude V C and phase ρ, in series with equivalent line inductance
, neglecting line resistance and shunt capacitances, being V R 0 the voltage at the load bus.
The injected series voltage V C must compensate the amplitude and phase differences between V S and V R 0 , as well as the effects of line impedance X L 2 .
From the sending-end complex power, obtained by the product of the end voltage by the complex conjugate of the line 
These terms can both be controlled by changing the controllable voltage source amplitude V C and phase ρ. However, considering an operating point near ρ ≈ π/2, it can be said that amplitude V C controls mainly the active power P , whereas the phase ρ can enforce the reactive power Q [15] .
Equations (5) and (6) are helpful in determining the needed maximum values of V C , phase angle ρ, and operating gains. They will be also useful to design linear controllers.
C. UPFC Power System Dynamic Model
For dynamic system modeling, consider the three-phase equivalent circuit of MC-UPFC transmission system model based on Fig. 5 , where the power source, the coupling transformers, and the MC are all considered ideal. Also, the Thevenin equivalent inductance and resistance are estimated, respectively, by
Considering a symmetrical and balanced three-phase system, applying the Kirchhoff laws to the equivalent circuit gives the equations of the ac line currents in dq coordinates
Voltages V Ld and V Lq are introduced for notation simplicity
Applying the Laplace transform to system transfer function (7), (8) is obtained as follows:
Solving (8), line currents I d and I q (9) are obtained as functions of voltages V Ld , V Lq and V R 0d , V R 0q in the sending and receiving end, respectively
The active and reactive powers of a sending-end generator [21] in dq coordinates are given by
These dynamic equations will be used for the design of MC-UPFC P and Q decoupled power controllers. 
III. SYNTHESIS OF STEADY-STATE MODEL-BASED CONTROLLERS FOR MC-UPFC

A. Design of an Active Power Controller
The synthesis of P power controller is based on a linearized model of (5) . Assuming small variations near the operating point ρ ≈ π/2, from (5), the incremental gain relative to V C is
According to (5) considering the active power dynamics represented by a first-order transfer function with time constant T l [15] and choosing a PI controller C P (s) = K P [(1 +sT iP )/sT iP ] to guarantee zero steady-state error, the block diagram in Fig. 6(a) is obtained.
To determine the PI controller parameters, it is chosen to cancel the open-loop pole with the controller zero (i.e., T iP = T l ). The closed-loop transfer function will be given by
(12) Its response time constant is τ Peq = X 2 T iP /K P V S . The controller C P (s) proportional and integral gains are
B. Design of a Reactive Power Controller
According to (6) , for the reactive power near the operating point ρ ≈ π/2, the incremental gain relative to phase ρ is
The parameters of the reactive power PI controller Fig. 6(b) ] can be obtained, considering the reactive power dynamics also represented by a firstorder transfer function with time constant T l [15] and making T iQ = T l . The resulting closed-loop transfer function is
Its response time constant is τ Qeq = X 2 T iQ / K Q V S V C . The controller C Q (s) proportional and integral gains are
The PI controllers for ΔP C and ΔQ C will serve to obtain simulation and experimental results, where MC switches drive signals are generated using a Venturini-based high-frequency PWM [19] 
This PWM method allows near sinusoidal output voltages with amplitude defined by the P power controller and phase defined by the Q power controller, as well as almost sinusoidal input currents with near unity input power factor.
IV. MC-UPFC CONTROL USING DLC
To guarantee no cross coupling between P and Q power controllers, linear controllers are derived in dq coordinates using inverse dynamics linearization [10] .
A. Active and Reactive Power Dynamics
A UPFC model is represented by (9) and (10) . Assuming a reference frame synchronized to the mains voltages which guarantees V S q = 0, P and Q will be given by
Based on the desired active and reactive powers, reference currents can be calculated from (18) [22] , seeking decoupled control of active and reactive powers. However, designing closed-loop I d and I q current controllers, the resulting active and reactive powers, P and Q, will be sensitive to the values of the mains voltages V S d and V S q .
To overcome this problem, the synthesis of P and Q power controllers is obtained by substituting the previously calculated I d and I q currents (9) into (18) . Active and reactive powers are obtained as a function of transmission line parameters, load bus and source voltages
where det
2 is the determinant of transmission line parameters matrix G C Fig. 7 . Block diagram in closed-loop control with P and Q power decoupling.
Both P and Q power dynamics consist of an uncontrollable constant part (P i , Q i ), determined by the sending-end power source voltages and line impedance, and a controllable part (ΔP , ΔQ), determined by the MC voltage, presented in
The controllable part of P and Q power flow in (19) may be written as in (22), using det [G C ] for conciseness
The next section will present the controllers design based on the inverse dynamics linearization.
B. Inverse Dynamics Linearization and DLC Design
The proposed power controllers use the inverse dynamics model of (22) in order to linearize and decouple P and Q power control, yielding the control signals V C d and V C q as a function of P and Q power flow ΔP , ΔQ (23), knowing 
Multiplying both members of (24) by G C /V S d and considering (23), the control variables V C d and V C q are obtained
The schematic of this closed-loop control system is shown in Fig. 7 . The inverse dynamics linearization gives the DLC, C eq (s) defined in (26) , that decouples P and Q power dynamics The block diagram of the DLC P and Q power controllers, presented in Fig. 8 , consists of two PI regulators and two integrators that will generate the control variables V C d and V C q applied to the MC PWM (17).
V. SLIDING-MODE DIRECT POWER CONTROL OF MC-UPFC
Sliding-mode control theory [13] enables the derivation of a direct power control (DPC) method for MC-UPFC to regulate the P and Q powers in the transmission line.
A. Line Active and Reactive Power Sliding Surfaces
From Fig. 5 , V S d is imposed by source V S in steady state. From (7), the transmission line currents are state variables with a first-order dynamics dependent on the sources and the line time constant (L 2 /R 2 ). Therefore, line transmission active and reactive powers have a strong relative degree of one. The strong relative degree represents the number of times the control output variable must be differentiated until a control input appears explicitly in the output dynamics [26] , [27] .
From sliding-mode control theory, robust sliding surfaces to control the P and Q variables with strong relative degree of one can be obtained considering proportionality to a linear combination of the errors of the state variables [28] , [29] . Therefore, the power errors e y , being e y ∈ {e P , e Q }, are defined as the difference between the reference y ref and the actual power y in (27) , where for conciseness the variable y represents the P or the Q power 
The sliding surface S y (e y , t) in (28) must be proportional to e y , the gain k y being chosen to impose appropriate switching frequencies
B. Line Active and Reactive Power Direct Switching Laws
The DPC for UPFC is a nonlinear control approach based on the direct and real-time selection of the switching Fig. 9 . Control scheme for all the proposed methods of the three-phase matrix converter operating as UPFC.
TABLE II PARAMETERS AND MEASUREMENTS OF A) PI LINEAR CONTROLLERS, B) INVERSE DYNAMICS LINEARIZED CONTROLLERS, AND C) DPC
states (vectors) of all the power semiconductors of MC, based on the P and Q errors. The DPC nonlinear controller selects one of the MC vectors at any given time instant. Since there are no modulators, no system parameters in the control laws (28) and/or pole-zero-based approaches, power management high response speed and robustness are possible [17] .
To guarantee stability for P and Q DPC power control, the sliding-mode stability condition must be verified S y (e y , t)
• Sy (e y , t) < 0, y ∈ {P, Q} .
According to (28) and (29), the nonlinear criteria to choose the MC state space vector should be as follows: 
To choose a vector, it is then necessary to determine the sliding surface derivative from (28) Sy (e y , t) < 0 must uphold, which implies dy/dt > 0, meaning that y must increase. Also, from (18) and (31), supposing y = P if k P V S d is positive, then (dI d /dt) > 0, meaning that P must increase. From the equivalent model (7), the chosen vector must have amplitude V Ld > V R 0d -ωL 2 I q + R 2 I d so that dI d /dt > 0 and this vector is suitable to increase the active power.
Similarly, for reactive power, y = Q and from (18)
dI q /dt must be negative. Considering I q from the equivalent model (7) then, to ensure the reaching condition, the chosen vector must be V Lq < V R 0q -ωL 2 I d + R 2 I q to guarantee dI q /dt < 0, meaning this voltage vector has a q component suitable to increase the reactive power [13] .
Since e y ∈ {e P , e Q }, these two errors are quantized using two C α , C β , three levels hysteresis comparators C α , C β ∈ {-1, 0, + 1}, originating nine output voltage error combinations. These combinations can be combined with a two-level comparator used to control the shunt reactive power (next section), to obtain 18 error combinations (9 × 2 = 18) enabling the selection of the 18 nonrotating MC vectors.
C. Direct Control of MC Input Reactive Power
The DPC controller, while ensuring the necessary P and Q powers, can also maintain a minimum or a certain desired reactive power at the MC input. Similarly to previous considerations, since the voltage source input filter (see Fig. 2 ) dynamics (4) has a strong relative degree of two [27] , a suitable sliding surface S Q i (e Q i , t) (32) is a linear combination of the desired reactive power error e Q i = Q i r e f − Q i and its first-order time derivative
The time derivative can be approximated by a discrete time difference, being K Qi chosen to guarantee a suitable switching frequency. Given the MC nonrotating vectors, this sliding surface needs to be quantized in two levels C Qi ∈ {-1, +1} using a two-level hysteresis comparator.
To fulfill a stability condition similar to (29) , considering the input filter dynamics (7), the sliding surface derivative is
From (33), the control input i q must have enough amplitude to impose the sign of
•
SQi(eQ i , t).
To choose the appropriate switching vector, as an example, consider the case where input voltages are in sector V i1 and C α = -1 and C β = 1. Then, both vectors -9 and +7 would be suitable to zero e P , e Q errors [third quadrant of Fig. 3(b) ]. The choice between these two vectors depends on the C Qi value of the MC input Q i controller. In sector I o1 , vectors -9 or +7 have different effects on Applying this reasoning to the remaining C α , C β , and C Qi , eight combinations at sector V i1 , and extending it for the other output current sectors, Table I is obtained.
VI. IMPLEMENTATION OF MC-UPFC CONTROLLERS
The implementation scheme of the controllers for MC-UPFC (see Fig. 9 ) shows that the control of the instantaneous P and Q powers requires the measurement of voltages and output currents, to calculate P and Q powers for all control methods and S α (e P , t) and S β (e Q , t) sliding surfaces in the DPC technique. The measurement of i AB C MC currents is used to determine the location of the q component to control the i abc currents.
Based on this approach, at each sample time in DPC, the most suitable matrix vector is chosen upon the discrete values of switching states (vectors) of the MC using digital signal processing [13] .
VII. SIMULATION AND EXPERIMENTAL EVALUATION
The performance of the proposed control methods was evaluated first using a detailed simulation model representing the three-phase MC, series and shunt transformers, sources, transmission lines, loads, and additional blocks to simulate the control system using MATLAB/Simulink SimPowerSystems toolbox. MC semiconductors were simulated as SimPowerSystems switches with appropriate snubbers.
For experimental tests, a low-power prototype MC was built [28] , using three semiconductor modules from DANFOSS, each one with six 1200 V, 25 A insulated-gate bipolar transistors with antiparallel diodes, in a common collector arrangement, driven by optical isolated drives (TLP250). The second-order input filter component values are l = 4.2 mH, C = 6.6 μF, r = 25Ω. This prototype was connected to the laboratory low voltage network operating as UPFC (see Fig. 9 ) using threephase transformers T 1 and T 2 (2 kVA transformers with voltage ratios 220/115 V and 66.5/66.5 V, respectively). Current sensors were used to measure the MC input and output currents (LEM LA25NP), while voltage sensors measure the phase voltages (LEM LV 25-P).
To achieve safe commutation between MC bidirectional switches, the four-step output current commutation strategy was used [20] and implemented in a field-programmable gate array using a Xilinx (Virtex 5) board, as represented in Fig. 9 . To select the suitable vector at any sample time, the designed linear controllers and the DPC were implemented in a digital signal processor PowerPC board (dSPACE DS1103).
The input phase-to-phase MC voltage is 120 V RMS ; the load power is 1.5 kW (1 p.u.), 0. Table II shows the controllers relevant parameters and total harmonic distortion (THD) results. Results obtained with linear PI controllers using a Venturini high-frequency PWM [19] , operating approximately at 2 kHz, show a slow response with noticeable cross coupling between power controllers [see Fig. 10(a) and (b) ]. Fig. 10(c) and (d) shows simulation and experimental results for DLC. These results show decoupled active and reactive powers, fast response, and a small ripple in steady state. Fig. 10 (e) and (f) presents simulation and experimental results obtained for DPC. These results show that there is no cross coupling between active and reactive powers, being both independently controlled and free from disturbances originated by the control action (except for the switching ripple characteristic of the electronic power converters) or from nonmodeled system dynamics. Fast response times (less than 1 ms) with zero error tracking were obtained.
Simulation and experimental results of Fig. 11 show line currents dynamics and MC input currents using linear PI controllers [see Fig. 11 THD results (see Table II) show that DLC have the weakest performance, almost not accomplishing international standards, while DPC present the smallest THD. Power spectral density of transmission line currents, Fig. 12 , shows that the main harmonics are nearly 33 dB below the 50 Hz fundamental current for the linear PI controller, while DLC and DPC show harmonics 35 dB below the 50 Hz fundamental current.
VIII. CONCLUSION
This paper designs and compares three different control methods for active and reactive power flow using MCs connected to power transmission lines as UPFC: PI linear controllers, DLC, and sliding-mode-based nonlinear DPC.
MC-UPFCs need almost no energy storage, which is a clear advantage in the converter sizing and design, and the proposed controllers and high frequency filter placement were chosen to obtain control parameters almost independent of load and filter characteristics.
Simulation and experimental results show that P and Q power flow can be effectively controlled using the MC-UPFC and one of the three controllers. The nonlinear DPC methodology show no steady-state errors, no cross coupling, insensitivity to nonmodeled dynamics, fast response times, and low THD, whereas the simpler PI linear P and Q power controllers using a modified Venturini high-frequency PWM show a small cross coupling and slower response times. DLC, although dependent on system parameters, show no cross coupling, fast response, and small ripples in steady state, but higher THD.
